ABSTRACT Newcastle disease remains a major concern to the poultry industry; however, it can be managed with effective vaccination programs. The main objective of this study was to evaluate the effect of 2 1× doses of live LaSota strain Newcastle disease virus (NDV) vaccine administered oculo-nasally on d one and 21 on development of humoral and cell-mediated immune response in broilers, and to compare different immunization schedules. Two experiments were conducted. In Experiment I (n = 320), Ross 308 birds were randomly assigned to an unvaccinated control group or vaccinated treatment. [Both treatments consisted of 4 pens per treatment and 40 birds per pen]. At d one, live NDV LaSota strain vaccine was used as a primary immunization to evaluate its impact on adaptive immunity. No substantial NDV-specific humoral immune response was established. Body weights were significantly higher (P < 0.05) in the vaccinated birds on d 4 and 7. Spleen index of the vaccinated birds was significantly (P < 0.05) lower at d 28 and 35.
INTRODUCTION
The study of the different effector mechanisms of the chicken adaptive immune system in recent decades has allowed for a better understanding of the capabilities of the chicken adaptive immune system. Understanding the mechanisms in which the chicken immune system develops and matures can result in better management and production programs in commercial poultry production. Modern poultry production results in birds being exposed to multiple immunological challenges starting at the hatchery. A successful vaccination program should aim to achieve robust, uniform, and long-lasting immunity in a flock.
Newcastle disease (ND) is a disease of poultry that was first described in 1926 and has continued to be a major problem in the poultry industry primarily because of its worldwide distribution and economic impact. As a result, multiple strategies exist to combat this disease, which can be effectively managed with good biosecurity programs and effective vaccination programs. The causative agent of ND is ND virus (NDV), and all strains of NDV belong to the family Paramyxoviridae, genus Avulavirus. They are part of one serotype, avian paramyxovirus serotype-1 (APMV-1); this virus is an enveloped negative singlestranded RNA virus (Alexander and Senne, 2008) .
Poultry producers develop vaccination programs that aim, among many other objectives, to protect against NDV and reduce potential economic losses as a result of loss of live birds, loss of performance, or loss due to condemnations at the processing plant. Antibodies will prevent NDV growth in the visceral organs, but the virus will still be able to replicate at the mucosal surfaces, thus resulting in the virus still being excreted by infected birds (McFerran and McCracken, 1988) . Currently, 3 main types of vaccines for ND-live 455 lentogenic, live mesogenic, and inactivated-are commercially available to the poultry industry.
The lentogenic strains are capable of inducing a successful immune response. In contrast, mesogenic strains are derived from fully virulent strains, and inactivated vaccines are developed by the use of killed virus. Different strains of NDV can cause different signs, depending on the age of the host, susceptibility, and environmental stress, which can result in different rates of mortality and different levels of economic impacts. Mortality can be as high as 100% in velogenic NDV infections. The clinical signs of ND are not specific and can be associated with other diseases; clinical signs can range from depression and diarrhea, to a deterioration or cessation in egg production (Alexander and Senne, 2008) .
In commercial poultry production, vaccination programs of breeder hens are intended to hyper-immunize hens to allow for the passive transfer of immunity to the progeny, which then is able to establish passive immunity from d of hatch (Qureshi et al., 1998) . Such vaccination regimens may vary from region to region of the world, depending on the type of breeder hen, endemic diseases, and other stressors present in that region.
Despite current successful practices in poultry production and well-documented flock management programs to maintain poultry health, many countries still suffer the huge economic consequences from disease outbreaks. In many of these countries, the lack of basic conditions to achieve successful immunization, such as cold chain, effective vaccine application, and vaccine efficacy, makes it difficult to keep infectious agents from causing disease in commercial poultry. Latin American countries and many others in different areas around the world suffer every year great losses due to ND. In countries such as México, Venezuela, Colombia, and Ecuador, where the velogenic form of this virus is endemic and a constant threat to the health of commercial flocks, severe biosecurity measures and effective vaccination programs are needed.
We hypothesize that immunizing at d one with a more virulent (LaSota instead of B1) but still lentogenic vaccine could result in a faster establishment of the adaptive immune system in broilers. It is well documented in the literature and in the field that the LaSota strain is more invasive than the B1 strain. It is our hypothesis that a more invasive strain should be able to induce a faster immune response than a more attenuated or less invasive virus. Furthermore, we will study the influence of maternal derived antibodies on the efficacy of live NDV vaccine on broilers.
MATERIALS AND METHODS

Experiment I
A total of 320 one-day old Ross 308 broilers was randomly assigned to one of 2 groups of 160 birds each: 1) vaccinated, 2) unvaccinated, control group. Each group was replicated twice for a total of 8 pens. The Vaccine-induced cell-mediated immunity was evaluated by obtaining peripheral blood leukocytes. Blood samples were collected from the wing by venipuncture from vaccinated groups only and transferred to heparinized tubes on d 7 (n = 5 birds) and 24 (n = 5 birds) post immunization.
The subpopulation of CD4+ (T-helper cell) and CD8+ (T-cytotoxic cells) T lymphocytes in peripheral blood of vaccinated birds served as the immunecompetence indicator of the cell-mediated immune response. The non-coagulated blood samples were diluted with PBS in a 1:1 ratio and 6 mL of diluted blood were carefully layered onto 6 mL of Histopaque 1077 medium (Sigma, St. Louis, MO), per the manufacturer's instructions.
Lymphocyte subpopulations were measured using flow cytometry on d 7 and 24. Peripheral blood leukocytes were used for peripheral lymphocyte subset analysis. Cells were treated with mouse whole IgG (Jackson ImmunoResearch, West Grove, PA) to block Fc receptors. Four-color immunostaining was performed. Blocked cell suspensions were incubated with FITC-conjugated-anti-CD3, R-PEconjugated anti-CD4, Cy5-conjugated anti-CD8, and biotinylated anti-Bu-1. The detection of biotinylatedanti-Bu-1 was performed by incubation with quantumred labeled streptavidin. After washing and fixation, the cell suspensions were analyzed at the Texas A&M College of Medicine-Cell Analysis Facility, and data were analyzed using Flowjo software (Flowjo LLC, Ashland, OR.). Splenocytes and peripheral blood leukocytes harvested at 7 and 24 d of age were used in this assay.
NDV-specific IgY titers were measured by ELISA on d 4, 7, 14, 21, 24, 28, 35 , and 42 using a Newcastle Disease Antibody Test Kit (Synbiotics Corp., San Diego, CA). The average of positive and normal control serum absorbance was calculated. The antibody titers were calculated as described by the manufacturer.
From each group, 5 birds were euthanized by CO 2 asphyxiation for the collection of splenocytes. Single-cell splenocyte suspension was obtained by pushing the spleen through a 70-μm cell strainer (BD Falcon, Franklin Lakes, NJ). Cells were treated with mouse whole IgG (Jackson ImmunoResearch, West Grove, PA) to block Fc receptors. Four-color immunostaining was performed. Blocked cell suspensions were incubated with FITC-conjugated-anti-CD3, R-PE-conjugated anti-CD4, Cy5-conjugated anti-CD8, and biotinylated anti-Bu-1. The detection of biotinylated-anti-Bu-1 was performed by incubation with quantum-red labeled streptavidin. After washing and fixation, the cell suspensions were analyzed at Texas A&M College of Medicine-Cell Analysis Facility and data were analyzed using Flowjo software.
All pens were monitored daily for general flock condition, temperature, lighting, water, feed, litter condition, and unanticipated house conditions/events. Findings were documented on log sheets. Mortality was monitored in each pen daily. No drug therapy was used during the study.
The statistical analysis was completed with the SAS (SAS Institute, Cary, NC) statistical software package. All data were analyzed via one-way ANOVA using the GLM procedure. Differences were deemed significant at P < 0.05, and means were separated by the PDIFF procedure. All animal handling and care practices were in accordance with an approved animal use protocol, IACUC 2017-0003.
Experiment II
The main objective of this study was to evaluate the role of maternal antibodies on the development of antigen-specific humoral immune response in broilers and compare different immunization schedules using 3 different vaccination protocols.
In the first vaccination protocol, broiler chicks were immunized with live NDV B1 strain vaccine on d one (USDA Product code: 1711.10; Merial Select Laboratories, Gainesville, GA). In the second protocol, broiler chicks were vaccinated with live LaSota strain NDV vaccine on d one (USDA Product code: 1721.11); Merial Select Laboratories, Gainesville, GA). In both protocols, chicks received a secondary immunization with live LaSota strain NDV vaccine at d 21. Protocol 3 consisted of delaying immunization of the chicks until the level of maternal antibodies decayed below 2,000 NDV titer level. Once the level of maternal antibodies was verified, broilers were immunized with live LaSota strain NDV vaccine. Each treatment group of 15 birds had a replicate pen for a total of 6 pens.
NDV-specific IgY was measured using ELISA on d 1, 7, 14, 21, 28, and 35. Blood samples were obtained by venipuncture; 0.5 mL blood samples were collected. A Newcastle Disease Antibody Test Kit (Synbiotics Corp., San Diego, CA) was used to assess the establishment of humoral immune response. Antibody titers were calculated according to the manufacturer.
Cumulative feed conversion ratio, feed consumption, and body weights were obtained. All birds were housed at TAMUPRC. Birds were fed a corn/soybean meal base diet (Table 1) . Starter (zero to 21 d) and grower (22 to 35 d) diets were manufactured at TAMUPRC feed mill. Feed and water were provided ad libitum during the entire trial. All pens were monitored daily for general flock condition, temperature, lighting, water, feed, litter condition, and unanticipated house conditions/events. Plastic boots and plastic gloves were discarded in an appropriate container after use. No drug therapy was used during the study.
All data were analyzed with the SAS (SAS Institute, Cary, NC) statistical software package and analyzed via one-way ANOVA using the GLM procedure. Differences were deemed significant at P < 0.05, and means were separated by the PDIFF procedure. All animal handling and care practices were in accordance with an approved animal use protocol, IACUC 2016-0103.
RESULTS
Experiment I
Results of mean body weights are summarized in Table 2 . There were no significant differences (P > 0.05) among the treatments during the experimental period (one to 42 d), but feed conversion ratio was numerically better at d 42 in control birds. Results of feed consumption and feed conversion ratio at d 42 are summarized in Table 3 . Vaccinated birds had a numerically higher cumulative feed consumption compared to the unvaccinated birds by d 42. NDV-specific IgY levels are summarized in Table 4 . There was no evidence of a robust NDV-specific humoral immune response in vaccinated birds. The highest NDV titer level observed during the experimental period was at d 28, 7 d following secondary immunization, and it was significantly (P < 0.05) higher than control birds.
Cell-mediated immunity also was measured during this trial. Results of peripheral lymphocyte and splenic lymphocyte subset analysis are summarized in Table 5 . On d 7 and 24, cell-mediated immunity was measured via flow cytometry. There was a reduced number of splenic and peripheral lymphocytes observed; however, CD3+, CD4+, and B-cell populations in the spleen were significantly (P < 0.05) higher on d 7 compared to d 24. The number of CD3+ cells was significantly higher in both treatments at d 7 compared to d 24. B-cell population in circulation at d 24 was signifi- cantly (P < 0.05) higher in the control group compared to d 7.
Interferon-gamma release by T-cells after in vitro stimulation has been shown to be a good index of cellmediated immunity in the chicken after vaccination. In this experiment, splenocytes and peripheral blood leukocytes harvested at 7 and 24 d of age were used to conduct this assay using sandwich ELISA and the mitogen concanavalin A. The optical densities obtained following the completion of this assay are summarized in Table 6 . Optical densities of interferon gamma in circulation of vaccinated birds showed reduced levels of this cytokine at 7 and 24 d of age. On d 24, the level of interferon gamma in circulation was significantly (P > 0.05) higher than at d 7. Interferon gamma in the spleen was significantly (P < 0.05) higher at d 7 than at d 24. A higher level of interferon gamma in the spleen was detected at d 7 and 24 of the experimental period compared to the levels of this cytokine detected in circulation.
In this project, immune organ indexes defined as organ weight/body weight ratio were measured at 4, 7, 14, 21, 24, 28, and 35 d of age. On d 28 and 35 of the experimental period, unvaccinated birds had significantly (P < 0.05) higher spleen index than vaccinated birds.
Spleen index results are summarized in Table 7 . In Table 8 , the bursa of Fabricius index is summarized. Significant differences (P < 0.05) were observed on d 4 and 21. Vaccinated birds had a significantly higher (P < 0.05) bursa of Fabricius index on d 21, whereas unvaccinated birds had a significantly higher (P < 0.05) bursa of Fabricius index on d 4.
Experiment II
The results for serum levels of NDV-specific IgY are presented in Table 9 . There was a robust and faster establishment of NDV-specific humoral immune response from birds in protocol 1 compared to other birds on d 28, (P < 0.05). The lowest level of NDV titers was observed in protocol 2, with the LaSota strain as primary 
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Calculated antibody titers (IgY) from the optical density measured by ELISA reader for the samples that were run through ELISA test specific for anti-Newcastle disease (ND) virus IgY production.
On d of hatch, the level of NDV-specific maternal antibodies was calculated and determined to be 11,363.83.
A,B Means within a row lacking a common superscript differ significantly (P < 0.001).
a,b Means within a row lacking a common superscript differ significantly (P < 0.05).
Each value represents the mean value for each group. immunization. This protocol also resulted in an absence of a robust NDV-specific humoral immune response.
The highest level of NDV titers was seen in birds from protocol 3; birds reached a significantly (P < 0.001) higher level of NDV titers at d 35 compared to other birds at that age and were able to mount the highest NDV-specific humoral immune response compared to all other treatments in the trial.
The results obtained in this experiment on mean body weights are summarized in Table 10 . There was a significant (P < 0.05) difference observed in feed conversion ratio on birds from protocol 3 compared to 1 and 2 on d 35. Feed consumption and feed conversion ratio at d 35 are summarized in Table 11 .
DISCUSSION
The results obtained in previous experiments conducted by our lab have allowed us to observe differences in activation of cell-mediated immune response between the period following primary immunization and secondary immunization. In this experiment, an incomplete activation of cell-mediated immune response in birds was observed. There are no reports in the literature describing a similar development of CD4+ and CD8+ like the one observed in the current experiment. In the literature, there are reports of the influence of the virulence of a vaccine on the establishment and development of cell-mediated immunity. Rauw et al., 2009 reported that an earlier and shorter cell-mediated immunity was generated from an NDV vaccine containing a less virulent strain, in comparison to vaccines containing more virulent strains, which resulted in a stronger and longer cell-mediated immunity. The results obtained in the current experiment that used live LaSota strain NDV vaccine, a more virulent lentogenic strain compared to the B1 strain, as a primary immunization indicate that a negative effect on the development of the adaptive immune system of broilers is generated.
In this experiment, cell-mediated immune responses were measured on d 7 and 24. Recent studies have established that it is possible to detect cell-mediated immune responses to NDV soon after vaccination when a live NDV vaccine is used (Reynolds and Maraqa, 2000) . Overall, a significantly (P < 0.05) higher percent of lymphocytes in both the spleen and in circulation was seen at d 24 compared to d 7; CD3+ was significantly (P < 0.05) higher at d 24 compared to d 7. However, B cells present in the spleen were significantly (P < 0.05) higher at d 7 compared to d 24.
These results indicate that live LaSota strain NDV vaccine may have caused an ineffective and incomplete activation of cell-mediated immune responses when used as the primary immunization on the first d of age of a broiler. A potential explanation for the incomplete activation observed in the flow cytometry assay could be that the migration of T-cells and B cells occurs faster than we hypothesize and the cells might be undergoing proliferation somewhere in the organism's lymphoid aggregates by the time the assay is conducted. It is important to notice that within the complexity of the adaptive immune system, it is often difficult to draw clear direct cause and effect conclusions because many factors are involved in the immune response. In the immune system, many different types of cytokines constitute the major instrument for immune cell communication, and they act as immune modulating agents regulating both innate and adaptive immunity response to antigens and infectious agents (Stenger and Rollinghoff, 2001 ).
More research is needed to better understand the specific cell-mediated immunity mechanisms that aid in the immunological response against NDV. In prior studies, birds that were determined to have cell-mediated immunity specific for NDV via blastogenesis microassay with inactivated NDV were not protected from lethal challenge in the absence of HI antibodies, but birds with NDV-specific antibodies were shown to be protected (Kapczynski et al., 2013) . Russell et al. (1997) indicated that antibodies are the key modulators of protection, but that cell-mediated immunity likely contributes to decreased viral shedding through target killing of NDV infected cells.
Interferon gamma plays an important role in the activation of macrophages and has effector functions in the entire immune system. In this experiment, interferon gamma secreted by splenocytes and interferon gamma expression detected in circulation were calculated by using a common mitogen, concanavalin A, a classical T-cell mitogen (Ginsburg et al., 1971) . Overall, there was a reduced level of this cytokine present in circulation and the spleen following the secondary immunization. The primary vaccination could have triggered the activation of high levels of interlueukin-10, which has been described by Zhiguang et al. (2016) as being immunosuppressive in chickens, as it is in mammals.
Interleukin-10, a multifunctional cytokine, is able to inhibit activation and effector function of T cells, monocytes, and macrophages. The principal routine function of IL-10 appears to be to limit and ultimately terminate inflammatory responses as well as to regulate B cells and helper T cells, which makes it play a key role in differentiation and function of T regulatory cells (Moore et al., 2001) .
Protection by NDV-specific antibodies has been reported to be fundamental against a live NDV challenge. An absence of a robust humoral immune response was observed in vaccinated birds. At d 28, 7 d post secondary immunization, only the control birds generated a clear NDV-specific humoral immune response. Unvaccinated birds did not show any NDV-specific humoral immune response, as expected, and its maternal antibodies followed a natural decline.
The results on body weight and feed conversion ratio at d 42 are summarized in Tables 2 and 3 . No significant differences (P > 0.05) in body weights were observed throughout the experimental period (1 to 42 d) between treatments. There were no significant differences (P > 0.05) between vaccinated birds and unvaccinated birds at d 14, 28, and 42, which indicates that the vaccine did not have an effect on cumulative feed consumption.
The results of the organ index analysis showed an overall higher organ development in the unvaccinated birds compared to the vaccinated treatment except on d 21 when bursa of Fabricius was significantly (P < 0.05) higher in the vaccinated birds compared to the unvaccinated treatment.
In Experiment II, the main objective was to evaluate the role of maternal antibodies on the development of antigen-specific humoral immune response in broilers and compare different immunization schedules using 3 different vaccination protocols.
Feed conversion ratio was measured during the experimental period. A significantly (P < 0.05) higher feed conversion ratio at d 35 for protocol 3 was observed compared to protocols 1 and 2. We hypothesize that the differences in feed conversion at d 35 are the result of birds from vaccination protocol 3 losing gain-tofeed-consumption ratio because of the vaccination they received on d 21, which was the first time these birds encountered NDV in addition to having lost their protective level of maternal antibodies.
On d 28, a significantly (P < 0.001) higher anti-NDV titer level in birds from protocol 1 and the birds from protocols 2 and 3 was observed. The ELISA results in this experiment indicate that the level of maternal antibodies and vaccination schedule do have an effect on the development of antigen-specific humoral immune response in broilers fed a control diet.
A more robust NDV-specific humoral immune response was observed in birds from vaccination protocol 3. Birds from this group reached the highest NDV titer level observed in the trial, and their titer level was significantly (P < 0.05) higher than control birds. This vaccination protocol included only one immunization, after the level of maternal antibodies had dropped to baseline levels. Maternal antibodies are antibodies that allow for the establishment of passive immunity in chicks that receive these antibodies from the hen through the egg yolk. The interference in vaccineinduced humoral immune response by maternal antibodies is well studied. It can result in a significant difference in the development of antigen-specific humoral immune response in birds, as was seen in this experiment.
An immunosuppressive effect of maternal antibodies on humoral immune response following vaccination has been attributed to neutralization of vaccine virus by these antibodies (Siegrist et al., 1998) . Naqi et al. (1983) showed that birds with high levels of infectious bronchitis disease virus (IBDV) maternal antibodies had no immune response activation to IBDV vaccines, whereas birds with low maternal antibodies showed delayed response to vaccines. It has been reported also that vaccination of birds against IBV in the presence of maternal antibodies at d one of age quickens the clearance rate of maternal antibodies (Mondal and Naqi, 2001) . Edison et al. (1982) reported that maternal antibodies to NDV hampered the effectiveness of NDV vaccine administered at one d of age in broilers. Similarly, low NDV antibody titers were reported by Van Eck et al. (1991) when birds with moderate to high maternal antibodies were vaccinated a one d of age.
The results of this experiment provide practical information for the poultry industry as it relates to immunization schedules. The results observed in this experiment concur with the results obtained in previous experiments conducted in our lab. In addition, they corroborate the hypothesis that the level of maternal antibodies influences the effectiveness of a vaccine to induce a successful establishment of the adaptive immune system in broilers.
In conclusion, the results indicate that there is a detrimental effect on the development and establishment of the adaptive immune system of broilers when vaccinated at d one with live LaSota strain NDV vaccine. In both experiments, no robust NDV-specific humoral immune response was observed in vaccinated birds receiving LaSota at d one. The level of maternal antibodies at d one does seem to interfere with the development of a more vigorous NDV-specific humoral immune response. In the absence of the protective level by maternal antibodies at d 21, broilers vaccinated for the first time and with LaSota mounted the most vigorous antigen-specific humoral immune response. The reduced development of cell-mediated immunity observed in Experiment I could have been the result of the activation of interleukin-10, which has been categorized as immunosuppressive in mammals and in chickens. This may open the door for future research that aims to study effector mechanisms in the adaptive immune system of broilers. It should also be pointed out that protection from clinical disease is primarily a function of cellular immunity.
